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Abstract

The inhibitory deficit hypothesis of cognitive aging posits that older adults’ inability to ade-

quately suppress processing of irrelevant information is a major source of cognitive decline.

Prior research has demonstrated that in response to task-irrelevant auditory stimuli there is

an age-associated increase in the amplitude of the N1 wave, an ERP marker of early per-

ceptual processing. Here, we tested predictions derived from the inhibitory deficit hypothe-

sis that the age-related increase in N1 would be 1) observed under an auditory-ignore, but

not auditory-attend condition, 2) attenuated in individuals with high executive capacity

(EC), and 3) augmented by increasing cognitive load of the primary visual task. ERPs were

measured in 114 well-matched young, middle-aged, young-old, and old-old adults, desig-

nated as having high or average EC based on neuropsychological testing. Under the audi-

tory-ignore (visual-attend) task, participants ignored auditory stimuli and responded to rare

target letters under low and high load. Under the auditory-attend task, participants ignored

visual stimuli and responded to rare target tones. Results confirmed an age-associated

increase in N1 amplitude to auditory stimuli under the auditory-ignore but not auditory-

attend task. Contrary to predictions, EC did not modulate the N1 response. The load effect

was the opposite of expectation: the N1 to task-irrelevant auditory events was smaller

under high load. Finally, older adults did not simply fail to suppress the N1 to auditory stimuli

in the task-irrelevant modality; they generated a larger response than to identical stimuli in

the task-relevant modality. In summary, several of the study’s findings do not fit the inhibi-

tory-deficit hypothesis of cognitive aging, which may need to be refined or supplemented by

alternative accounts.

Introduction

The ability to focus on task-pertinent information and limit interference from task-irrelevant
stimuli is critical to the execution of goal-directedbehaviors [1, 2]. The inhibitory deficit
hypothesis of cognitive aging proposes that older adults’ failure to adequately inhibit the
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processing of task-irrelevant information clutters and disrupts capacity-limited information
processing and is a major source of age-related decline in cognitive performance [3–5]. There
is strong evidence that older adults are less adept at filtering irrelevant stimuli [6–9]. Older
individuals tend to exhibit larger behavioral costs in response to distracters on Stroop [10–12],
Simon [13, 14], reading-with-distraction [15, 16], and listening-in-noise [17, 18] tasks. More-
over, older adults demonstrate reduced ability to suppress neural activity in response to task-
irrelevant stimuli in studies employing functionalmagnetic resonance imaging (fMRI) and
event-related potentials (ERPs) [2, 6, 8, 9, 19–22].

Selective attention has been conceptualized as reflecting the activity of executive control
functions over sensory input [23, 24]. Lavie and colleagues [6, 25, 26] have argued that the
executive component of working memory allows individuals to actively maintain current pro-
cessing priorities online that differentiate between relevant targets and irrelevant distracters
[27–29]. Higher cognitive load of the primary task results in increased interference by irrele-
vant distracters because, in this context, executive control functions are less available to actively
maintain stimulus-processing priorities [26].

An important study testing the inhibitory deficit hypothesis was conducted by Alain and
Woods [2], who used ERPs in a cross-modal paradigm to determine if there were age-related
increases in the neural processing of task-irrelevant auditory stimuli. Participants were
instructed to ignore auditory events while they performed a visual discrimination go/no go
task. The auditory N1, a frontocentral negativity peaking 50–150 ms after stimulus onset [30],
was employed as an index of early perceptual processing of auditory stimuli. The N1 has been
shown to bemodulated by bottom-up factors. For instance, stimuli that have greater perceptual
salience (e.g., due to being louder, or more abrupt in onset) elicit a larger N1 [30, 31]. The N1 is
also influenced by top-down control factors. For example, during dichotic listening tasks, the
N1 amplitude is greater in response to auditory stimuli presented to the attended than the
ignored ear [32]. In their study of aging, Alain andWoods found a robust age-related increase
in the N1 amplitude in response to task-irrelevant auditory stimuli that participants were
instructed to ignore, which the investigators interpreted as providing strong evidence in sup-
port of the inhibitory deficit hypothesis of aging. Other studies have found similar age-related
changes in early processing of ignored auditory stimuli, further supporting this hypothesis [33,
34].

Several limitations of the seminal paper by Alain andWoods [2] are representative of limita-
tions commonly found in the literature investigating neural markers of age-related decline in
inhibition [6, 8, 9, 20, 21]. First, Alain andWoods [2] did not include an auditory attend condi-
tion, leaving open the possibility that the observed age-related increase in the amplitude of the
N1 wave was not specific to a condition in which auditory stimuli were intended to be ignored.
Second, the Alain andWoods study did not explicitly match different age groups in terms of
cognitive capacity or performance on the experimental task, making it difficult to interpret
whether differences in neural activity between groups were due to age or other factors, such as
executive capacity (EC), perceived task difficulty, or task performance [22, 35]. Consistent with
proposedmechanisms underlying inhibitory activity, one would expect the EC of participants
to modulate performance on tasks that require the inhibition of processing task-irrelevant
information [36, 37]. Similarly, one would anticipate the level of cognitive difficulty of the pri-
mary visual task to influence the amount of remaining capacity-limited resources available to
filter task-irrelevant events [26]. According to this framework, research on age-associated
changes in neural activity underlying selective attention needs to account for the potential
impact of group differences in EC and level of task difficulty. Finding that differences across
age groups in the processing of task-irrelevant auditory stimuli persist after matching them in
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terms of EC and primary visual task load would greatly strengthen the claim of a decline in
inhibitory processing specific to aging itself.

Third, the Alain andWoods investigation included a relatively small number of participants
(n = 38) in three groups, young adult (mean age 23.6 years old), middle-aged (mean age 43.3
years old), and young-old (mean age 65.7 years old), leaving uncertainwhether the pattern of
findings would continue in old-old age or be replicated with a larger sample. Fourth, although
hearing loss was measured, the study did not control for age-related differences in auditory
acuity, which may have impacted their findings. A final limitation of the Alain andWoods
study is that the N1 wave was measured on averaged waveforms alone. To draw strong infer-
ences about age-related changes in the operations indexed by the N1, one needs to demonstrate
that the differences observed in the grand average waveforms are not due to changes in compo-
nents that temporally or spatially overlap with the N1 (e.g., the anterior P1 that precedes it or
the anterior P2 that follows it), which may also be influenced by age [38].

The current investigation attempts to address each of these limitations. First, it included
conditions comprised of identical kinds of physical stimuli, differing only in the instructions
given [29] such that participants focused on either a visual or auditory task with cross-modal
distracters. Second, it aimed to match age groups in terms of EC and accuracy on the primary
visual task. EC was measured by performance on neuropsychological tests [39, 40]. Both a low
and high task load condition of the visual (auditory-ignore) task were included. The low load
condition was the same for all participants (i.e., one visual target stimulus). For the high load
condition, the number of visual targets was determined individually for each participant by a
titration process that aimed to keep task performance consistent across participants and age
groups. This allowed us to draw inferences about age- rather than performance-related differ-
ences in neural activity. Third, the current study comprised a much larger sample of partici-
pants (n = 114) and included an old-old age group (80 years and older). Fourth, the volume of
the auditory stimuli was adjusted based on formal audiologic examination to compensate for
participants' individual hearing loss, following methods used by Fabiani & Friedman [41].
Finally, to address the issue of potentially overlapping components influencing findings regard-
ing the N1 wave, ERP data were subjected to temporospatial principal component analysis
(PCA) to determine if the results were consistent with those found by analyzing average wave-
forms (see Supporting Information for this analysis) [42].

The inhibitory deficit theory of cognitive aging leads to the following set of hypotheses: 1)
There will be an age-associated increase in the N1 to task-irrelevant auditory stimuli under the
auditory-ignore task, but not the auditory-attend task. If age differences are found in the audi-
tory-attend task, one would expect the magnitude of these effects to be smaller than those
observedunder the auditory-ignore task. The anticipated age-related increase of early process-
ing should continue into old-old age, a group often not included in previous studies. Addition-
ally, this age-related increase of early processing will be independent of the influence of age-
related hearing loss. 2) EC will modulate age-related increases in auditory N1 amplitude during
the auditory-ignore task. Older individuals with higher EC will be more proficient at inhibiting
neural responses to task-irrelevant auditory stimuli than their counterparts with lower EC,
leading to an attenuation of age-related increases in the N1 to task-irrelevant auditory stimuli.
3) Working memory load in the primary visual (auditory-ignore) task will modulate age-
related increases in the N1 to auditory stimuli. Higher cognitive load during the primary visual
task should lead to reduced executive control resources available to actively maintain stimulus
processing priorities, resulting in increased processing of task-irrelevant auditory events. Given
older adults’ hypothesized vulnerability to interference, one would predict the magnitude of
age-related increases in early processing of auditory stimuli during the auditory-ignore task to
be larger under the high load condition.
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The inhibitory deficit hypothesis does not directly address the potential impact of stimulus
salience on age-related changes in inhibition. Therefore, an explicit prediction regarding this
issue was not generated. However, because salient stimuli tend to bemore challenging to ignore
than non-salient, repetitive stimuli [43], one might expect that older adults would have particu-
lar difficulty inhibiting their processing. In the current study, this issue was explored by includ-
ing an analysis of both repetitive standard and infrequent novel auditory stimuli; rare auditory
stimuli were not included. In the auditory-attend task, rare stimuli were designated as targets.
Target stimuli tend to be processed very differently from non-target stimuli [44]. Including
rare target auditory stimuli in the analysis would have led to a confound between direction of a
participant’s attention (toward stimuli in the auditory vs. the visual modality) and the distinc-
tion between targets and non-targets, making the results difficult to interpret.

Methods

Participants

Participants were recruited through community announcements in the Bostonmetropolitan
area, including the Harvard Cooperative Study on Aging. The study was approved by the Part-
ners Human Research Committee (protocol number 2008p001897). All participants completed
written informed consent. Participants also completed a detailed screening evaluation that
included a structured interview to obtain a medical, neurological, and psychiatric history; a for-
mal neurological examination, audiologic evaluation, and test of visual acuity via SnellenWall
chart; and the completion of a neuropsychological test battery and questionnaires surveying
mood and daily living activities.

To be included in this study, participants had to be English-speaking, have � 12 years of
education, have a Mini Mental State Exam (MMSE) [45] score� 26, and have an estimated
intelligence quotient (IQ) on the American National Adult Reading Test (AMNART) [46]�
100. Participants were divided into four age groups: 18 to 32 years (young), 40 to 59 years
(middle-aged), 60 to 79 years (young-old), and� 80 years old (old-old). Participants were
excluded if they had a history of CNS diseases or major ongoing psychiatric disorders based on
DSM-IV criteria [47], focal abnormalities on neurological examination consistent with a CNS
lesion, a history of clinically significantmedical diseases, or corrected visual acuity worse than
20/80. Participants were also tested with pure tone audiometry in which hearing thresholds
were tested at 250, 500, 1000, 2000, and 4000 Hz, and excluded if they demonstrated the follow-
ing abnormalities:> 40 dB mean loss across frequencies,> 20 dB difference between ears at
any frequency, or> 30 dB difference between the best and worst threshold [48]. Participants
were excluded if their mean percentile performance relative to age-appropriate norms across
selected neuropsychological tests (describedbelow) was in the bottom third (below the 33rd

percentile) in order to exclude older individuals who may be suffering frommild cognitive
impairment or the very early stages of a dementing illness. Participants were paid for their
time.

To avoid conflating changes in neural activity that are specifically due to differences in age
with those due to differences in cognitive ability or task performance, it is crucial to limit differ-
ences between age groups in these factors [49–51]. Daselaar and Cabeza [50] argue in favor of
grouping participants based on a battery of neuropsychological tasks that are standardized and
therefore generalizable. Due to the role of top-down control in inhibition of early stimulus pro-
cessing, as well as the role of executive capacity in normal cognitive aging [9, 26, 52], age
groups were matched in terms of EC relative to age-appropriate norms on neuropsychological
tests.
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In measuring EC, we followed the suggestion of many investigators who emphasize pro-
cesses that include working memory, initiation, monitoring, and inhibition, and advocate the
use of several neuropsychological tests to assess this complex group of functions [53–55]. Tests
of EC were selected that had well-established norms across a wide range of ages. Tests included:
1) Digit Span Backward subtest of theWechsler Adult Intelligence Scale-IV (WAIS-IV) [56],
which measures maintenance and manipulation operations of working memory; 2) Controlled
Oral Word Association Test (COWAT) [57], which indexes initiation, self-generation, and
monitoring; 3) Trail-Making Test Parts A and B [58], which measures planning/sequencing,
set shifting, and inhibition; 4) WAIS-IV Digit-Symbol Coding,which assesses sustained atten-
tion, cognitive speed, and inhibition; and 5) WAIS-III or WAIS-IV Letter-Number Sequencing,
which assesses monitoring, inhibition, and manipulation. Note that WAIS III Letter-Number
Sequencingwas administered for young-old and old-old participants and WAIS IV Letter-
Number Sequencingwas administered for young and middle-aged participants in order to take
advantage of the wider range of age-appropriate norms in the former version of the test. Partic-
ipants were divided into two EC groups: high EC participants were those whosemean percen-
tile score based on age-appropriate norms was> 66.6; average EC participants had a mean
percentile score based on age-appropriate norms of 33.3–66.6. For participants older than 85,
the closest possible age-appropriate norms were used.

Experimental Procedure

The experiment consisted of forced-choice oddball paradigms under an auditory-attend or
visual (auditory-ignore) task. Stimuli were presented using E-Prime software [59]. Participants
were instructed to respond to target stimuli and non-target stimuli with opposite mouse clicks
(e.g., left click for target stimuli and right click for non-target stimuli). The hand used for the
target response was counterbalanced across participants. During the auditory-attend task, par-
ticipants were instructed to respond to sounds identified by frequency and ignore letters visu-
ally presented on a computer monitor. During the auditory-ignore (visual) tasks, participants
were instructed to respond to letters and ignore sounds. Order of stimulus presentations varied
randomly across blocks within tasks and across tasks. Presentation of letters and sounds did
not temporally overlap (Fig 1).

Visual stimuli appeared one at a time within a fixation box that remained on the screen at
all times and subtended a visual angle of ~3.5° x 3.5° at the center of a high-resolution com-
puter monitor. Visual stimuli subtended an angle of 2.5° along their longest dimension and
were presented for 200 ms. Target letters comprised 30% of visual stimuli. Non-target letters
comprised 70% of visual stimuli. Auditory stimuli were presented one at a time with a mini-
mum intensity of 75dB SPL. Decibel level was adjusted for any participant for whom pure tone
audiometry showed a mean hearing loss (across tested frequencies) of 0–40 dBs by increasing
(from 75dB) the intensity of sounds by the mean decibel hearing loss [48]. Standard auditory
stimuli, comprising 70% of auditory stimuli, were 250 Hz pure tones presented for a duration
of either 250 ms (35%) or 125 ms (35%). Rare auditory stimuli, comprising 15% of auditory sti-
muli, were 500 Hz pure tones of either long (250ms) or short (125ms) duration and served as
the designated targets in the auditory-attend task. Targets were designated by frequency; par-
ticipants were instructed to identify and respond to sounds based on frequency, regardless of
duration. Short and long rare stimuli were not presented in equal proportion: each comprised
80% or 20% of total rare auditory stimuli, counterbalanced across participants. Novel auditory
stimuli were complex, environmentally derived or synthesized sounds presented for a duration
of 250 ms, comprising 15% of auditory stimuli. Each novel auditory stimulus was unique
within and between tasks.
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Auditory stimuli had ~20 ms rise/fall times. The inter-stimulus interval (ISI) between audi-
tory and visual stimuli varied randomly between 315–665 ms (mean ~490 ms) with 1 ms steps
and a rectangular distribution. In addition to the 1600 visual (800) and auditory (800) stimulus
trials, there were 200 auditory and 200 visual trials devoid of a stimulus. For visual stimuli, a
no-stimulus trial appeared as a blank presentation box. For auditory stimuli, a no-stimulus
trial was a period of silence when an auditory stimulus was to be expected.

The tasks included 1600 stimulus trials divided into 16 blocks. The auditory and visual tasks
were both comprised of eight blocks each. In the visual task, 30% of trials presented visual sti-
muli (letters) from the target category and 70% of trials presented stimuli from the standard
category. Under low task load, one letter was designated as a target. Under the high task load,
the number of unique target letters in the target category varied across participants and was
determined by an individual’s performance on a titration task. During the titration task, partic-
ipants were tested on consecutive blocks of the visual task without auditory stimuli. The num-
ber of unique letters designated as target stimuli varied across blocks. The number of target
letters for which participants scored closest to 80% accuracy (target hit ratio—false alarm ratio)
was chosen to be used for the high visual task load condition. This procedure was adopted to
help ensure that the level of difficulty of the primary visual task was similar across participants
from different age groups. Although the number of visual target letters varied across partici-
pants from three to nine, the percentage of trials categorized as target events was the same for
everyone.

During the auditory-attend task, primary task load of the forced-choice auditory oddball
task did not vary. Participants were instructed to respond to rare auditory stimuli designated
by frequency as target tones by clicking one side of the mouse, and to respond to all other audi-
tory stimuli by clicking the other side of the mouse; visual stimuli were to be ignored. For one
four-block section, one unique visual letter was presented on 30% of trials, matching the num-
ber used for the low load condition of the visual-attend (auditory-ignore) task. For the other

Fig 1. Illustration of an Experimental Run. Example sequence of auditory and visual stimuli. Participants

performed an oddball task in each modality while instructed to ignore the other. Targets in the auditory-attend task

were designated by frequency, and targets in the visual task were specific letters.

doi:10.1371/journal.pone.0165645.g001
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four-block section, the number of unique letters presented on 30% of trials matched that used
for the high load condition of the visual attend task. The other letters were randomly selected
for the remaining 70% of the trials. Thus, unique letters appeared with the same probabilities
across blocks of the visual-attend (auditory-ignore) and auditory-attend tasks. This procedure
was adopted to ensure that participants were exposed to physically identical kinds of stimuli
across all tasks.

Participants visited the laboratory on three occasions. During the first visit, neuropsycho-
logical testing, audiometry, and the visual task load titration procedure were completed. During
the remaining two visits, the auditory and visual tasks, with concurrent ERP recordings, were
completed. The latter two visits were scheduled approximately two weeks apart from each
other to reduce any potential order effects. Each task took approximately 45 minutes to com-
plete. One task was completed per visit, and task order was counterbalanced across partici-
pants. In the current paper, only ERP data on novel and standard long-duration auditory
stimuli will be presented.

ERP Recordings

An ActiveTwo electrode cap (Behavioral Brain Sciences Center, Birmingham, UK) was used to
hold to the scalp a full array of 128 Ag-AgCl BioSemi (Amsterdam, The Netherlands) “active”
electrodeswhose locations were based on a pre-configuredmontage. Electrodeswere arranged
in equidistant concentric circles from 10–20 system position Cz. In addition to the 128 elec-
trodes on the scalp, 6 mini bio-potential electrodeswere placed over the left and right mastoid,
beneath each eye, and next to the outer canthi of the eyes to check for eye blinks and vertical
and horizontal eye movements. EEG activity was digitized at a sampling rate of 512 Hz and fil-
tered offline with a bandwidth of .016–100 Hz.

Data Analysis

Statistical analyses were conducted using Statistical Package for Social Sciences (SPSS) version
23. Significancewas set at p< .05. Demographic variables and overall percentile performance
on the neuropsychological tests for the groups were compared using one-way analysis of vari-
ance (ANOVA). Mean target accuracy and mean reaction time (RT) during the visual-attend
(auditory-ignore) condition were measured. E-Prime software was used to generate the behav-
ioral data. A correct response was considered a hit if it occurred between 200–1000 ms after
stimulus presentation. Target stimuli correctly responded to (target hits) and stimuli incor-
rectly identified as targets (false alarms) were measured in order to determine an overall accu-
racy score (percent target hits minus percent false alarms). Due to technical issues during data
collection, behavioral data recorded by E-Prime are missing for two young participants. Their
ERP data could still be analyzed because responses (correct/incorrect)were coded in the Bio-
Semi EEG files.

EEG data were analyzed using ERPLAB [60] and EEGLAB [61] toolboxes that operate within
theMATLAB framework. Raw EEG data were resampled to 256 Hz and referenced off-line to
the algebraic average of the right and left mastoids. EEG signals were filtered using an IIR band-
pass filter with a bandwidth of .03–40 Hz for young and middle-aged participants and .03–30 Hz
for young-old and old-old participants (12 dB/octave roll-off for all). Eye artifacts were removed
through an independent component analysis. Individual channels that revealed, upon visual
inspection, a consistently different pattern of activity from surrounding channels were corrected
with the EEGLAB interpolation function. EEG epochs for the two stimulus types (standard and
novel auditory stimuli) across two attention conditions (auditory-attend and auditory-ignore
task) and two task loads (low and high) were averaged separately. The sampling epoch for each
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trial lasted for 1200 ms, including a 200 ms pre-stimulus period that was used to baseline correct
the ERP epochs. Trials were discarded from the analyses if they contained baseline drift or move-
ment artifacts greater than 90 μV. Only trials with correct responses were included in the analy-
ses. Participants were excluded from further analyses if their data were excessively noisy due to
frequent contamination by motion artifacts or alpha waves.

Average Waveform Analysis

The goal of this study was to examine early auditory processing.We measured the N1, a nega-
tive deflectionoccurring~100 ms after sound onset. The mean local peak latency of the N1 to
novel and standard auditory stimuli was measured between 75 and 175 ms. The N1 amplitude
was measured as the mean value of the 50 ms window centered on the mean local peak latency
at a cluster of 12 electrodes betweenCz and Fz (Fig 2).

Fig 2. Illustration of the frontocentral cluster of electrode sites used for ERP measurements of the N1

component.

doi:10.1371/journal.pone.0165645.g002
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Results

Participants

Table 1 summarizes participant characteristics, including demographic information and
neuropsychological test performance for each age group. A total of 114 individuals participated
in the study. There were 23 young, 29 middle-aged, 35 young-old, and 27 old-old adults. An
additional 6 young, 4 middle-aged, 4 young-old, and 11 old-old participants completed the
experiment, but were excluded due to excessively noisy data. The aforementioned two young
participants excluded from behavioral analyses due to missing behavioral data were included
in ERP analyses. Of note, the excluded old-old participants and the included old-old partici-
pants did not differ in terms of age, years of education,MMSE score, or AMNART IQ scores
(ps> .4). One-way ANOVAs were run for each of the pertinent demographic variables, with
age group as the between subject variable. There were no differences between age groups for
EC percentile score based on age-appropriate norms, F(3,110) = .97, p = .410, years of educa-
tion, F(3,110) = .82, p = .486, or estimated IQ, F(3,110) = 1.35, p = .263. Age groups differed on
MMSE score, F(3,110) = 3.15, p = .028, η2 = .08, such that the young participants had slightly
higher scores than the middle-aged (p< .05) and old-old participants (p< .01). Age groups
also differed on mean hearing loss, F(3,110) = 32.41, p< .001, η2 = .47, such that each age
group was different from all others and mean hearing loss increasedwith age (ps< .03). Lastly,
age groups differed in visual acuity, F(3,110) = 17.46, p< .001, η2 = .32, such that young and
middle-aged participants did not differ from each other (p = .696), and had better visual acuity
than young-old participants, who in turn had better visual acuity than old-old participants
(ps< .01). One old-old participant had visual acuity of 20/80; two old-old participants had
visual acuity of 20/50; all other participants had visual acuity of 20/40 or better.

Behavior

The focus of this study was early processing of irrelevant auditory stimuli. Performance mea-
sures were calculated for targets in the visual (auditory-ignore) task preceded by standard and
novel auditory stimuli, as well as target trials where there was no preceding auditory stimulus.
Table 2 summarizes performance on the visual task and mean number of target letters under
the high task load condition.

As previously described, the number of target letters during the high task load was titrated
to participants' individual performance (aiming for 0.8 accuracy).Number of target letters var-
ied across age groups, F(3,106) = 18.17, p< .001, η2 = .34. Number of visual targets under high
task load was greater for young and middle age groups than for young-old and old-old groups

Table 1. Demographic and Neuropsychological Information (mean(SD)).

Factors Young Middle Young-Old Old-Old p η2

N 23 29 35 27 - -

Sex (F:M) (12:11) (15:14) (22:13) (19:8) .4 -

Age Range in Years 19–30 40–58 60–79 80–91 - -

Mean Age in Years 22.9 (2.7) 49.1 (6.0) 71.4 (5.4) 84.1 (2.9) < .001 .99

Years of Education 15.2 (1.7) 16.1 (2.5) 16.0 (3.1) 16.4 (3.5) 0.5 .02

AMNART IQ 117.6 (6.7) 118.4 (7.9) 119.7 (9.3) 121.85 (8.0) 0.3 .04

MMSE score 29.9 (.3) 29.4 (.8) 29.5 (1.0) 29.11 (1.1) 0.03 .08

EC Percentile Score 67.8 (15.7) 66.8 (13.9) 68.8 (16.4) 73.47 (16.3) 0.4 .03

AMNART = American version of the National Adult Reading Test; MMSE = Mini-Mental State Exam; EC = Executive Capacity

doi:10.1371/journal.pone.0165645.t001
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(ps< .001), but did not differ between young and middle aged groups (p = .262), or between
young-old and old-old groups (p = .178). Number of target letters under high task load also
varied across EC groups, F(1,106) = 11.34, p = .001, η2 = .12, such that high EC participants
were shown more unique target letters (mean = 7.4) than average EC participants
(mean = 6.5). There was no interaction between age group and EC group (p = .515).

RT and accuracywere analyzed via repeated measures ANOVA across two visual task loads
(low and high), visual targets with three different preceding auditory stimulus types (standard,
novel, and no stimulus), four age groups, and two EC groups. Mean RT varied across age
groups, F(3,104) = 25.66, p< .001, η2 = .43, such that young participants exhibited the shortest
responses, followed by middle-aged, followed by young-old, who were not different from old-
old participants. Mean RT also varied across task load, F(1,104) = 885.60, p< .001, η2 = .90,
such that participants respondedmore quickly under low load than under high load. No inter-
action was found between load and age group. The type of auditory stimulus preceding visual
targets was found to affect RT, F(2,104) = 19.35, p< .001, η2 = .16. RTs to visual targets pre-
ceded by standard and novel sounds did not differ (p = .951), but both were shorter than RTs
to targets preceded by no auditory stimulus (ps< .001).

Accuracy differed between age groups, F(3,104) = 3.21, p = .026, η2 = .09, and between EC
groups, F(1,104) = 7.90, p = .006, η2 = .07. Age group differences reflected greater accuracy for
middle-aged participants compared to old-old participants (p = .003); all other age groups did
not differ from each other (ps> .05). The difference between EC groups was due to better per-
formance by the high EC group (.85) compared to the average EC group (.78). There was no
interaction between age group and EC group. Accuracy also varied across visual task load, F
(1,104) = 89.52, p< .001, η2 = .46, such that accuracywas greater during the low load task. In
addition, accuracy varied across targets preceded by different stimuli, F(2,104) = 3.89, p = .024,
η2 = .04, such that participants were more accurate responding to visual targets preceded by
standard auditory stimuli (mean = .82) than to visual targets preceded by novel auditory sti-
muli (mean = .81) or no-auditory stimuli (mean = .81) (ps< .03). Accuracy rates in response
to targets preceded by novel and no-auditory stimuli did not differ (p = .523). Although the dif-
ference between accuracy in response to visual targets preceded by these three auditory stimu-
lus types is reliable, it is important to note that the mean difference between the no-auditory
stimulus and the other two types of stimulus trials was relatively small (.01).

Age group differences in accuracywere modified by task load, F(3,104) = 4.19, p = .008, η2 =
.11, driven by differing age-related accuracy changes between low and high task load. Under
low task load, middle-aged and young-old participants performedno differently from each
other (p = .858) and more accurately than young and old-old participants (ps< .02), who did
not differ from each other (p = .870). Under high task load, old-old participants performed
worse than middle-aged participants (p< .007), and no other age groups differed in accuracy
(ps> .07). A correlation analysis between age and the difference in accuracy between high and

Table 2. Visual Attend (Auditory-Ignore) Task Behavior (mean (SD)).

Low Task Load High Task Load

Age Group Mean RT (ms) Accuracy Mean RT (ms) Accuracy Mean Number of Visual Targets

Young 489 (47) 0.83 (.12) 602 (62) 0.78 (.11) 7.61 (1.3)

Middle 562 (52) 0.92 (.05) 670 (52) 0.82 (.14) 7.97 (1.1)

Young-old 585 (49) 0.91 (.08) 709 (48) 0.75 (.15) 6.40 (1.2)

Old-old 596 (54) 0.86 (.19) 715 (67) 0.73 (.17) 6.07 (1.5)

RT = Reaction Time

doi:10.1371/journal.pone.0165645.t002
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low task load revealed that the difference in accuracy between high and low task loads
increasedwith age, r = .266, p = .005.

During the auditory-attend task, accuracy in response to auditory target stimuli differed
across age groups, F(3,104) = 6.53, p< .001, η2 = .16, with old-old participants performingworse
than all other age groups (ps< .01), who did not reliably differ from one another (ps> .1). The
high EC group had higher accuracy than the low EC group, F(1,104) = 8.31, p = .005, η2 = .07.
There was no interaction between age group and EC group (p = .198). Mean RT to auditory tar-
get stimuli also differed across age groups, F(3,104) = 17.10, p< .001, η2 = .33, due to young par-
ticipants having shorter RTs than all other age groups (ps< .001), who did not reliably differ
from one another (ps> .3). There was no effect of EC group, and no interaction between age
group and EC.

ERPs—Average Waveforms

A repeated measures ANOVA on local peak latency measurements revealed no differences
between age or EC groups (ps> .9). Therefore, the overall mean local peak latency (117 ms)
was used to determine the 50 ms measurement window for mean amplitude (92–142 ms).
Since primary task load did not vary across the two 4-block sections of the auditory-attend task
that differed only by the frequency of individual rare visual stimuli presented, ERPs were aver-
aged across these sections. The mean N1 amplitude across all eight blocks of the auditory-
attend task was adopted for comparison with the two loads during the auditory-ignore task in
order to avoid arbitrarily dividing 4-block sections of the same task under the same load and to
incorporate the greatest number of auditory-attend trials.

A repeated measures ANOVA was performed on mean amplitude measurements of the
auditory N1 across three tasks (auditory-attend, auditory-ignore low load, and auditory-ignore
high load), two auditory stimulus types (standard and novel), two EC groups, and four age
groups. Effects and interactions directly related to predictions will be highlighted in this sec-
tion. The two auditory stimulus types were associated with different patterns of main effects.
Those differences, while certainly interesting, are beyond the scope of this paper. The impact of
stimulus type will only be discussed if this variable modulates critical findings. Table 3 provides
a summary of all effects and interactions. Fig 3 illustrates average waveforms and Fig 4 depicts
mean amplitude measurements.

Table 3. Average Waveforms Main Effects and Interactions.

ANOVA Main Effects / Interactions df F p Partial η2

Task 2,212 29.42 < .001 0.22

Stimulus Type 1,106 3.16 0.078 0.03

Age Group 3,106 1.65 0.183 0.05

EC Group 1,106 0.36 0.547 0.00

Age Group x EC Group 3,106 0.85 0.472 0.02

Task x Age Group 6,212 4.36 0.001 0.11

Task x EC Group 2,212 0.49 0.587 0.01

Task x Stimulus Type 2,212 3.97 0.024 0.04

Stimulus Type x Age Group 3,106 9.87 < .001 0.22

Stimulus Type x EC Group 1,106 5.31 0.023 0.05

Stimulus Type x Age Group x EC Group 3,106 2.00 0.118 0.05

Task x Age Group x EC Group 6,212 0.72 0.614 0.02

Task x Age Group x Stimulus Type 6,212 0.66 0.663 0.02

Task x Stimulus Type x EC Group 2,212 2.03 0.139 0.02

Task x Stimulus Type x Age Group x EC Group 6,212 0.47 0.808 0.01

doi:10.1371/journal.pone.0165645.t003
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The interaction between age group and task (p = .001) indicated an age-related increase in
N1 amplitude to auditory stimuli during the auditory-ignore low load task, F(3,106) = 3.09 p =
.030, η2 = .080, and the auditory-ignore high load task, F(3,106) = 3.18 p = .027, η2 = .082, but

Fig 3. Depiction of the grand average ERP waveforms for all 4 Age Groups. ERPs measured in response to

auditory standard and novel stimuli at a cluster of electrodes between Fz and Cz. Arrow indicates the auditory N1 wave.

doi:10.1371/journal.pone.0165645.g003
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not during the auditory-attend task, F(3,106) = .07, p = .974. Regression analysis revealed that
the N1 amplitude (collapsed across both loads of the auditory-ignore task and both stimulus
types) increased linearly as a function of increasing age, F(1,112) = 11.20, p = .001, R2 = .091.
For every advancing year in age, the N1 amplitude of participants became larger by -.04 μV
(Fig 5). Age was significantly correlated with N1 amplitude across the auditory-ignore tasks,
r = -.302, p = .001, mean hearing threshold, r = .763, p< .001, and visual acuity, r = -.562, p<
.001. Notably, the correlation between age and N1 amplitude across auditory-ignore tasks
remained significant after controlling for mean hearing threshold, r = -.267, p = .004, and after
controlling for visual acuity, r = -.282, p = .002. Age was not associated with N1 amplitude on
the auditory-attend task, r = -.032, p = .733.

The interaction between age group and task can also be characterized by an effect of task for
middle-aged, young-old, and old-old participants, such that the amplitude of the N1 to audi-
tory stimuli was greater during the auditory-ignore tasks than during the auditory-attend task
(ps< .01), a pattern that was not observed for young adults (ps> .07). Of note, the magnitude
of the age-related increase in N1 under ignore was not influenced by stimulus type (age group
x task x stimulus type interaction, p = .663). There was no effect of EC group (p = .547), and EC
group did not modify any age-related effects (ps> .1). There was an effect of task due to differ-
ences in N1 amplitude between the auditory-attend, auditory-ignore low load, and auditory-
ignore high load tasks (ps< .01). In contrast to expectation,N1 amplitude during both audi-
tory-ignore tasks was greater than during auditory-attend task (ps< .01). Additionally, N1
amplitude in auditory-ignore low load was larger than during auditory-ignore high load (p<
.001). To investigate how this difference between auditory-ignore task loads was affected by the
interaction with age group, a two task (auditory-ignore low load and auditory-ignore high
load) by two stimulus type (standard and novel) by two EC group by four age group ANOVA
was performed on auditory N1 amplitude. In the two-task ANOVA, there was an effect of task,

Fig 4. Mean amplitude of the auditory N1. N1 amplitude averaged across standard and novel auditory stimuli for

each task and age group. Error bars represent standard deviation.

doi:10.1371/journal.pone.0165645.g004
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F(1,106) = 27.77, p< .001, η2 = .21, such that N1 amplitude was greater during auditory-ignore
low load than during auditory-ignore high load. This effect of task was not modulated by age
group, F(3,106) = .72, p = .542.

When analyzing overall performance across auditory-ignore low load and auditory-ignore
high load tasks, N1 amplitude in response to auditory standard and novel stimuli was not asso-
ciated with primary (visual) task accuracy, r = -.094, p = .324, or primary (visual) task RT, r =
-.006, p = .954. The inhibitory deficit hypothesis leads to the expectation that older adults who
generate the largest N1 amplitude in response to task-irrelevant sounds would perform the
worst on the primary visual task. To test this prediction, we repeated the above correlation
analyses between visual task performance and N1 amplitude in response to auditory stimuli
limited to participants in the middle-aged, young-old, and old-old age groups (n = 91). Among
these older participants, a similar set of relationships was revealed:N1 amplitude in response
to auditory standard and novel stimuli was not associated with primary (visual) task accuracy,
r = -.096, p = .366, or primary (visual) task RT, r = .165, p = .118. See S1 Text for an analysis of
participants matched for EC across age groups using non-age-adjusted scores. The pattern of
age-related differences in N1 amplitude in this subsample of participants was similar to that of
the entire group.

During the auditory-attend task, N1 amplitude in response to standard stimuli was associ-
ated with target RT, r = .292, p = .002, and target accuracy, r = -.324, p< .001, such that larger
N1 amplitudes were linked to better performance (smaller RTs and higher accuracy scores).
N1 amplitude in response to novel stimuli was not associated with target RT, r = .058, p = .544,

Fig 5. Scatterplot of N1 mean amplitude. Mean amplitude calculated across auditory ignore tasks (low load and

high load) and stimulus types. Regression: N1 amplitude (μV) = -3.987–.040 (age).

doi:10.1371/journal.pone.0165645.g005
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or target accuracy, r = -.094, p = .323. N1 amplitude in response to either standard or novel sti-
muli during auditory-attend task was not associated with age (ps> .1). See S1 Text, S1 and S2
Tables, and S1 and S2 Figs for an analysis of temporospatial factors representing subcompo-
nents of the N1 derived from PCA. These PCA factors demonstrated effects of task and age
group, as well as task x age group interactions similar to those found with the average wave
forms.

Discussion

The primary aim of the current study was to test predictions derived from the inhibitory deficit
hypothesis of aging under experimental conditions that controlled for potentially confounding
variables. The first prediction, that there would be an age-related increase in early perceptual
processing of to-be-ignored auditory stimuli, was confirmed: older adults generated a larger
N1 component to task-irrelevant stimuli in the auditory-ignore tasks. The inclusion of an audi-
tory-attend condition that presented identical kinds of physical stimuli, but failed to elicit age-
associated increases in the N1 to auditory events, establishes the specificity of enhanced early
neural processing of stimuli that are supposed to be ignored. The lack of an age-associated
increase in N1 amplitude under the auditory-attend task also strongly argues against the possi-
bility that the age-related findings for the auditory-ignore task were due to enhancing the
sound pressure level of stimuli in older adults with documented hearing loss [2].

Results from other recent investigations are consistent with the current study’s pattern of
findings. Research using middle latency auditory evoked potentials (6–19 ms after sound
onset) [20, 62] and brainstem auditory evoked potentials [63] has shown age-related increases
in response to task-irrelevant, to-be-ignored sounds, implicating the involvement of even ear-
lier processing stages. Additionally, the neuromagnetic P1m has been shown to increase with
age in response to sounds in a passive listening task [33, 64, 65]. These findings indicate that
age-related increases in early processing of unattended auditory stimuli are not limited to a spe-
cific component or paradigm. Other studies have demonstrated that under attend conditions,
there is no age-related augmentation in the amplitude of ERP markers of early processing of
novel sounds [66, 67].

The current investigation succeeded in confirming the major findings of Alain andWoods
[2] using a much larger sample of participants that extended the age range to include old-old
adults into their 10th decade. Regression analysis suggested a linear relationship between age
and the N1 amplitude elicited by task-irrelevant auditory stimuli. In addition, the current
study demonstrated that the age-associated increase in the N1 to task-irrelevant auditory sti-
muli was present even after matching age groups for EC and difficulty of the primary task, as
well as after experimentally and statistically controlling for individual hearing threshold. This
result strengthens the claim that the differences across groups in the N1 wave were a reflection
of aging and not other potential explanatory factors. Moreover, the pattern of age-related
response was similar for grand average waveforms and the PCA factors corresponding to the
N1, allowing us to more firmly conclude that the results are specific to operations indexed by
this component and are not driven by changes in temporally or spatially overlapping
components.

Age-associated changes in auditory adaptation may contribute to our findings. Auditory
adaptation is defined as the reduction of neural responses to repetitive stimuli over a short time
span [68, 69]. One hypothesis is that auditory adaptation reflects an active filtering process that
reduces the sensitivity of the auditory system to repeated sounds with limited salience, and
enhances sensitivity to novel, more information-rich sounds [70–72]. There is evidence that
older adults exhibit diminished auditory adaptation. In response to repetitive auditory stimuli,
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older individuals demonstrate an attenuation of the N1 component [71, 72] and reduced fMRI
activity in auditory and prefrontal cortex [70, 73].

It follows that one source of the age-related increase of the N1 under the auditory-ignore
tasks in our experimentmay be the diminished tendency of older adults to reduce their N1
response to repetitive standard auditory stimuli. There are several challenges to this hypothe-
sizedmechanism. First, the magnitude of the age-related increase in the N1 did not differ in
response to repetitive standard stimuli and rare novel stimuli for both the average waveforms
and the two PCA factors. Of note, in contrast to standard stimuli, novel auditory stimuli were
not repeated over a short temporal interval and the same novel sound stimulus was never pre-
sented more than one time. Second, the repetitive standard auditory stimuli were physically
identical under the auditory-ignore tasks and the auditory attend task. However, no age-associ-
ated increase in N1 was observedunder the auditory attend condition.

The behavioral data confirm that the visual high task load condition was more demanding
than the low task load condition, with the latter associated with greater accuracy and shorter
RTs. Similarly, the behavioral results suggest that individuals with high EC outperform those
with average EC on the experimental tasks. Therefore, the unanticipated ERP findings for task
load and EC, discussed below, cannot be attributed to a failure of the experimental paradigm to
elicit expected behavioral results.

Our findings do not allow us to draw strong inferences regarding whether there were age-
related behavioral differences in the distracting effects of task-irrelevant auditory stimuli. The
no-auditory stimulus trials prior to the visual events were included to allow for a comparison
of participants’ accuracy and RT on such trials with those preceded by auditory events. We did
not anticipate finding lower accuracy and prolonged RTs when visual targets were preceded by
no-auditory stimuli than by repetitive standard stimuli. In the context of the current investiga-
tion, no-auditory stimulus trials were not equivalent to performing the visual task with no
auditory distracters. Indeed, the response to targets that revealed the greatest level of distrac-
tion in behavioral analyses were those preceded by no-auditory stimuli. These unexpected find-
ings have at least two potential explanations: 1) the standard auditory stimuli may have served
as an alertingmechanism prior to a visual event, facilitating a behavioral response, which did
not occur on no-auditory stimulus trials [74], or 2) no-auditory stimulus events were infre-
quent occurrences that may have violated the expectations of participants and thus drawn
more attention than repetitive standard stimuli, leading to a disruption of behavioral output.
Future studies should compare blocks with and without auditory distracters. If no age-associ-
ated increases in the impact of interference were found, it would suggest that during the inter-
val between the augmented early perceptual processing of auditory distracters, indexed by the
N1 (~100–150 ms), and the behavioral response, indexed by the button press (~610–630 ms),
older adults are able to carry out operations that prevent excessive early processing from caus-
ing greater disruption of behavior.

The second predicted outcome derived from the inhibitory deficit hypothesis was that EC
would modulate age-related increases in N1 amplitude to auditory stimuli in the visual task.
Inhibition is considered one of the critical mechanisms by which executive control is carried
out [23, 24, 75]. Consistent with this framework, one would expect that older individuals with
higher EC would be more adept at suppressing processing of task-irrelevant auditory stimuli
than their peers with lower EC [36, 37]. This prediction was not confirmed. The results of the
current cross-modal study are similar to the age-related reduction in inhibitory activity during
early selective visual attention to color (in a unimodal task) that has been found even after care-
fully matching age groups for EC using age-adjusted norms [22]. Taken together, these findings
raise questions about the underlyingmechanisms that account for the apparent inhibitory
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deficits observed in cognitive aging. One possibility, which should be investigated by future
research, is a dissociation between inhibitory capacity and other executive functions [53, 76].

The third prediction was that the magnitude of age-related increases in early processing of
task-irrelevant auditory stimuli, as indexed by N1 amplitude, would be larger under the high
load than low load condition. If, as hypothesized, older adults have difficultymaintaining stim-
ulus processing priorities in the face of distracters, one would expect that increasing cognitive
load of the primary visual task would deplete limited available resources and lead to greater
interference under the high load condition. In fact, the load effect was the opposite of expecta-
tion: the N1 amplitude to task-irrelevant auditory events was smaller under the high load con-
dition, a result not influenced by age. One way to account for this unanticipated finding is to
suggest that resources not employed in executing the primary visual task may be automatically
used to process auditory stimuli without regard for task relevance. Under the low load cognitive
task, more resources are available, resulting in increased processing of the goal-irrelevant audi-
tory events. This finding is reminiscent of what Lavie and colleagues have suggested for percep-
tual, not cognitive, load [1, 25]. Although Perceptual Load Theory has been refined [77, 78]
and challenged over time [79], one of its basic tenets is that increased perceptual load of the pri-
mary task more fully utilizes capacity in the processing of relevant stimuli. This allows for lim-
ited additional capacity for the perception of task-irrelevant stimuli, resulting in diminished
processing of events unrelated to task goals [1, 25]. Most of the work in support of this theory
has involved unimodal, not cross-modal, paradigms [80]. Our findings raise the possibility that
in cross-modal tasks, increased cognitive load of the primary visual task may influence distrac-
ter processing in a manner that is similar to increased perceptual load in unimodal tasks. An
alternative hypothesis is that the high load conditionmay elicit stronger attentional engage-
ment in the primary task, marshalling greater recruitment of top-down control activity that
limits the processing of irrelevant stimuli in the unattended channel [81–85]. Additional
research is necessary to test these competing hypotheses.

Interestingly, the differential impact of unimodal versus cross-modal tests of age-related
changes in selective attention has been highlighted by Guerreiro and colleagues [86, 87]. They
have contested the universality of the inhibitory deficit hypothesis, arguing that it does not
apply to cross-modal paradigms, especially those in which auditory stimuli are presented in the
to-be-ignored channel. They cite behavioral results from cross-modal auditory distraction par-
adigms like the Simon or irrelevant speech tasks, wherein consistent age-related deficits have
not been found [87]. Guerreiro and colleagues [87] account for these results by suggesting that
distracters presented in the auditory modality can be filtered at both central and peripheral lev-
els of the nervous system. They note that with cross-modal selective attention to the visual
modality, “the entire auditory modality can simply be shut off at an early stage” (see Summary
and Future Directions in [87]). This mechanism allows for “age-related equivalence. . .whereby
top-downmodulation has a larger range of possibilities to suppress the distracting effects of
irrelevant auditory information” (see Summary and Future Directions in [87]). The results of
our study, which demonstrate a clear age-related increase in the N1 in response to irrelevant
auditory information, strongly challenges this hypothesizedmechanism. However, our findings
raise important questions about ways in which processing cross-modal distracters differ from
that of unimodal distracters.

The most unexpected finding of this study is that older adults did not simply fail to suppress
the N1 amplitude to auditory stimuli in the task-irrelevant modality; they generated a larger
response to task-irrelevant auditory stimuli than to physically identical stimuli in the task-rele-
vant modality. This result is not predicted or explained by the inhibitory deficit hypothesis of
cognitive aging, and requires an alternative account.
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One suggestionmay be derived from other findings of our lab, which have indicated that
age-related changes in neural activity are not limited to salient events or task-relevant channels
[51, 88–90]. For example, we have observed that age-related processing differences are often as
large in response to repetitive standard stimuli as they are to target or novel stimuli [51, 88, 91,
92]. We have hypothesized that older individuals may handle task requirements by adopting a
different overall processing strategy or cognitive set [35, 51, 93] from their younger counter-
parts, which is applied to both salient and non-salient stimulus types. This approach by older
adults may reflect the long-term adaptation [93] of an information processing system that, due
to the frequent delivery of delayed or degraded perceptual information, is often required to
compensate for greater ambiguity regarding the nature of an event [89, 94–97].

For older adults, uncertainty may be managed by augmenting the processing of what would
otherwise be considered and processed as non-salient events. Even frequent, repetitive stimuli
in a modality that, theoretically, should be ignored, and which young adults would designate as
having limited information value, may elicit uncertainty in older adults. Within this frame-
work, the increased early sensitivity to task-irrelevant stimuli in older adults may be an adap-
tive response to age-associated slowing of processing and motor speed, allowingmore time to
assess for potential danger and prepare an appropriate behavioral response. Augmented early
processing of potential distracters could reflect a kind of 'better-safe-than-sorry' approach, the
major disadvantage of which would be taxing the limited resources of the system.

Our hypothesis fails to account for the apparent lack of compensatory activity (i.e.,
increasedN1 amplitude) in the auditory-attend task. Under this condition where auditory sti-
muli are task-relevant and an overt response is required, it might also be advantageous to gen-
erate a larger early response to help counter slowed processing speed and RT, and manage
greater uncertainty about the nature of a stimulus. Indeed, this relationship was observed
betweenN1 amplitude in response to repetitive stimuli and performance during the auditory-
attend task, wherein a larger N1 response to repetitive stimuli predicted better performance.
However, no association between auditory-attend N1 amplitude and age was found. One possi-
ble explanation for the dissociation between the type of age-related compensatory activity used
to process attended vs. unattended stimuli comes from our prior work on the ERP responses to
attended stimuli in the visual modality. We have found that compensatory activity to attended
stimuli, as measured by increased ERP amplitude, primarily manifests during late, controlled
processing stages, as indexed by the amplitude of the P3, but not during early sensory-percep-
tual processing, as indexed by the P1 or N1 component [51, 98].

Data from the current study raise the possibility that older adults deal with auditory events
occurringoutside the focus of attention (in the to-be-ignoredmodality) using a different strat-
egy, which is linked to the amplification of early stimulus processing. Such an approach might
provide a greater opportunity to determine if an unattended auditory event is potentially dan-
gerous and requires the mobilization of a behavioral response. This explanation raises the pos-
sibility that the age-associated increase in the N1 component may not reflect a processing
failure among older adults (as suggested by the inhibitory deficit hypothesis), but rather an
adaptive response. If the inhibitory deficit hypothesis were correct, one might expect that older
adults with the largest N1 amplitude to task-irrelevant auditory distracters would have the
most impaired performance on the primary visual task [72]. However, no correlation was
observedbetween performance on the primary visual task and N1 amplitude in response to
ignored auditory stimuli.

The focus of this study was on age-related differences in the early processing of auditory dis-
tracters under conditions that manipulated cognitive load in the visual modality. It was not
designed to examine if findings would be similar for visual distracters under conditions manip-
ulating load in the auditory modality. Ideally, future investigations should construct parallel
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conditions for auditory and visual tasks that would manipulate load in each, and systematically
examine the processing of irrelevant stimuli both across and within modalities.Moreover, it
would be informative to vary types of stimuli used, the timing of stimulus presentations, and
the nature of the primary task demands to determine the extent to which the findings of the
current study can be generalized.
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Responses were averaged across auditory standard and novel stimuli within the auditory-
attend condition and across auditory standard and novel stimuli under both task load condi-
tions in the auditory-ignore task.
(TIF)

S2 Fig. PCA 144 ms factor: Scalp topographies and waveforms for the four age groups.
Responses were averaged across auditory standard and novel stimuli within the auditory-
attend condition and across auditory standard and novel stimuli under both task load condi-
tions in the auditory-ignore task.
(TIF)

S1 File. Study Data. Raw data analyzed in the current study.
(XLSX)

S1 Table. 101 ms factor (TF3SF1) Main Effects and Interactions.
(DOCX)

S2 Table. 144 ms factor (TF4SF1) Main Effects and Interactions.
(DOCX)

S1 Text. AdditionalWaveform and PCAAnalyses.Analysis of participants matched for EC
across age groups using non-age-adjusted scores and temporospatial factors representing sub-
components of the N1 derived from PCA.
(DOCX)

Acknowledgments

The authors would like to thank LisaWalker, MHA, for her guidance in conducting the audio-
logical evaluations, Sarah Fackler, MA, for her excellent administrative assistance, and Sharon
Sanz Simon, BA, for her valuable input. The authors would also like to thank theWimberly
family, the Muss family, and the Mortimer/Grubman family for their generous support of our
Lab.

Author Contributions

Conceptualization:KD PH ET.

Data curation: BA ET.

Formal analysis: ET KD.

Funding acquisition:KD.

Investigation: ET BA KD.

Methodology:KD PH.

Increased Early Task-Irrelevant Auditory Processing in Older Adults

PLOS ONE | DOI:10.1371/journal.pone.0165645 November 2, 2016 19 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165645.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165645.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165645.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165645.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165645.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0165645.s006


Project administration:KD.

Resources:KD.

Software: ET BA.

Supervision:KD PH.

Validation: ET KD.

Visualization: ET.

Writing – original draft: ET.

Writing – review& editing: ET BA PH KD.

References
1. Lavie N, Hirst A, de Fockert JW, Viding E. Load theory of selective attention and cognitive control. J

Exp Psychol Gen. 2004; 133(3):339–54. doi: 10.1037/0096-3445.133.3.339 PMID: 15355143.

2. Alain C, Woods DL. Age-related changes in processing auditory stimuli during visual attention: evi-

dence for deficits in inhibitory control and sensory memory. Psychol Aging. 1999; 14(3):507–19. PMID:

10509703

3. Rabbitt P. An Age-Decrement in the Ability to Ignore Irrelevant Information. J Gerontol. 1965; 20:233–

8. PMID: 14284802

4. Dempster FN. The rise and fall of the inhibitory mechanism: Toward a unified theory of cognitive devel-

opment and aging. Dev Rev. 1992; 12:45–75.

5. Lustig C, Hasher L, Zacks RT. Inhibitory deficit theory: recent developments in a "new view". In: Gor-

fein DS, MacLeod CM, editors. Inhibition in Cognition. Washington, DC: American Psychological

Association; 2007. p. 145–62.

6. de Fockert JW, Ramchurn A, van Velzen J, Bergstrom Z, Bunce D. Behavioral and ERP evidence of

greater distractor processing in old age. Brain Res. 2009; 1282:67–73. doi: 10.1016/j.brainres.2009.

05.060 PMID: 19497314.

7. West R. Visual distraction, working memory, and aging. Mem Cognit. 1999; 27(6):1064–72. PMID:

10586581

8. Townsend J, Adamo M, Haist F. Changing channels: an fMRI study of aging and cross-modal attention

shifts. Neuroimage. 2006; 31(4):1682–92. doi: 10.1016/j.neuroimage.2006.01.045 PMID: 16549368

9. Gazzaley A, Clapp W, Kelley J, McEvoy K, Knight RT, D’Esposito M. Age-related top-down suppres-

sion deficit in the early stages of cortical visual memory processing. Proc Natl Acad Sci U S A. 2008;

105(35):13122–6. doi: 10.1073/pnas.0806074105 PMID: 18765818; PubMed Central PMCID:

PMC2529045.

10. West R, Baylis GC. Effects of increased response dominance and contextual disintegration on the

Stroop interference effect in older adults. Psychol Aging. 1998; 13(2):206–17. doi: 10.1037/0882-

7974.13.2.206. 1998-02632-004. PMID: 9640582

11. Sommers MS, Danielson SM. Inhibitory processes and spoken word recognition in young and older

adults: The interaction of lexical competition and semantic context. Psychol Aging. 1999; 14(3):458–

72. doi: 10.1037/0882-7974.14.3.458. 1999-11243-008. PMID: 10509700

12. Wurm LH, Labouvie-Vief G, Aycock J, Rebucal KA, Koch HE. Performance in Auditory and Visual

Emotional Stroop Tasks: A Comparison of Older and Younger Adults. Psychol Aging. 2004; 19

(3):523–35. doi: 10.1037/0882-7974.19.3.523. 2004-18155-016. PMID: 15383002

13. Castel AD, Farb NA, Craik FI. Memory for general and specific value information in younger and older

adults: measuring the limits of strategic control. Mem Cognit. 2007; 35(4):689–700. PMID: 17848027.

14. Bialystok E, Craik FI, Klein R, Viswanathan M. Bilingualism, aging, and cognitive control: evidence

from the Simon task. Psychol Aging. 2004; 19(2):290–303. doi: 10.1037/0882-7974.19.2.290 PMID:

15222822.

15. Carlson MC, Hasher L, Connelly SL, Zacks RT. Aging, distraction, and the benefits of predictable loca-

tion. Psychol Aging. 1995; 10(3):427–36. doi: 10.1037/0882-7974.10.3.427. 1996-00890-001. PMID:

8527063

Increased Early Task-Irrelevant Auditory Processing in Older Adults

PLOS ONE | DOI:10.1371/journal.pone.0165645 November 2, 2016 20 / 24

http://dx.doi.org/10.1037/0096-3445.133.3.339
http://www.ncbi.nlm.nih.gov/pubmed/15355143
http://www.ncbi.nlm.nih.gov/pubmed/10509703
http://www.ncbi.nlm.nih.gov/pubmed/14284802
http://dx.doi.org/10.1016/j.brainres.2009.05.060
http://dx.doi.org/10.1016/j.brainres.2009.05.060
http://www.ncbi.nlm.nih.gov/pubmed/19497314
http://www.ncbi.nlm.nih.gov/pubmed/10586581
http://dx.doi.org/10.1016/j.neuroimage.2006.01.045
http://www.ncbi.nlm.nih.gov/pubmed/16549368
http://dx.doi.org/10.1073/pnas.0806074105
http://www.ncbi.nlm.nih.gov/pubmed/18765818
http://dx.doi.org/10.1037/0882-7974.13.2.206
http://dx.doi.org/10.1037/0882-7974.13.2.206
http://www.ncbi.nlm.nih.gov/pubmed/9640582
http://dx.doi.org/10.1037/0882-7974.14.3.458
http://www.ncbi.nlm.nih.gov/pubmed/10509700
http://dx.doi.org/10.1037/0882-7974.19.3.523
http://www.ncbi.nlm.nih.gov/pubmed/15383002
http://www.ncbi.nlm.nih.gov/pubmed/17848027
http://dx.doi.org/10.1037/0882-7974.19.2.290
http://www.ncbi.nlm.nih.gov/pubmed/15222822
http://dx.doi.org/10.1037/0882-7974.10.3.427
http://www.ncbi.nlm.nih.gov/pubmed/8527063


16. Li KZH, Hasher L, Jonas D, Rahhal TA, May CP. Distractibility, circadian arousal, and aging: A bound-

ary condition? Psychol Aging. 1998; 13(4):574–83. doi: 10.1037/0882-7974.13.4.574. 1998-11674-

005. PMID: 9883458

17. Helfer KS, Freyman RL. Aging and speech-on-speech masking. Ear Hear. 2008; 29(1):87–98. doi: 10.

1097/AUD.0b013e31815d638b. 18091104; PubMed Central PMCID: PMC2987598. PMID: 18091104

18. Tun PA, O’Kane G, Wingfield A. Distraction by competing speech in young and older adult listeners.

Psychol Aging. 2002; 17(3):453–67. doi: 10.1037/0882-7974.17.3.453 PMID: 12243387

19. de Fockert JW. Keeping priorities: the role of working memory and selective attention in cognitive

aging. Sci Aging Knowledge Environ. 2005; 2005(44):pe34. doi: 10.1126/sageke.2005.44.pe34 PMID:

16267341.

20. Chao LL, Knight RT. Prefrontal deficits in attention and inhibitory control with aging. Cereb Cortex.

1997; 7(1):63–9. PMID: 9023433

21. Gazzaley A, Cooney JW, Rissman J, D’Esposito M. Top-down suppression deficit underlies working

memory impairment in normal aging. Nat Neurosci. 2005; 8(10):1298–300. doi: 10.1038/nn1543

PMID: 16158065.

22. Haring AE, Zhuravleva TY, Alperin BR, Rentz DM, Holcomb PJ, Daffner KR. Age-related differences in

enhancement and suppression of neural activity underlying selective attention in matched young and

old adults. Brain Res. 2013; 1499:69–79. doi: 10.1016/j.brainres.2013.01.003 PMID: 23313874;

PubMed Central PMCID: PMC3570693.

23. Gazzaley A, D’Esposito M. Unifying prefrontal cortex function: Executive control, neural networks, and

top-down modulation. In: Miller B, Cummings J, editors. The Human Frontal Lobes. 2nd ed. New

York: Guildford Productions; 2007. p. 187–206.

24. Daffner K, Willment K. Executive Control, the Regulation of Goal-Directed Behaviors, and the Impact

of Dementing Illness. In: Atri A, Dickerson BC, editors. Dementia: Comprehensive Principles and Prac-

tice: Oxford University Press; 2014.

25. Lavie N. Distracted and confused?: selective attention under load. Trends Cogn Sci. 2005; 9(2):75–82.

doi: 10.1016/j.tics.2004.12.004 PMID: 15668100

26. de Fockert JW, Rees G, Frith CD, Lavie N. The role of working memory in visual selective attention.

Science. 2001; 291(5509):1803–6. doi: 10.1126/science.1056496 PMID: 11230699.

27. Desimone R, Duncan J. Neural mechanisms of selective visual attention. Annu Rev Neurosci. 1995;

18:193–222. doi: 10.1146/annurev.ne.18.030195.001205 PMID: 7605061.

28. Sawaki R, Katayama J. Top-down directed attention to stimulus features and attentional allocation to

bottom-up deviations. J Vis. 2008; 8(15):4 1–8. doi: 10.1167/8.15.4 PMID: 19146288

29. Rutman AM, Clapp WC, Chadick JZ, Gazzaley A. Early top-down control of visual processing predicts

working memory performance. J Cogn Neurosci. 2010; 22(6):1224–34. doi: 10.1162/jocn.2009.21257

PMID: 19413473; PubMed Central PMCID: PMC2842470.

30. Naatanen R, Picton T. The N1 wave of the human electric and magnetic response to sound: a review

and an analysis of the component structure. Psychophysiology. 1987; 24(4):375–425. PMID: 3615753

31. Woods DL. The component structure of the N1 wave of the human auditory evoked potential. Electro-

encephalogrClinNeurophysiolSuppl. 1995; 44:102–9.

32. Alho K, Woods DL, Algazi A, Knight RT, Naatanen R. Lesions of frontal cortex diminish the auditory

mismatch negativity. Electroencephalogr Clin Neurophysiol. 1994; 91(5):353–62. PMID: 7525232

33. Alain C, McDonald K, Van Roon P. Effects of age and background noise on processing a mistuned har-

monic in an otherwise periodic complex sound. Hear Res. 2012; 283(1–2):126–35. Epub 2011/11/22.

doi: 10.1016/j.heares.2011.10.007 PMID: 22101023.

34. Correa-Jaraba KS, Cid-Fernández S, Lindı́n M, Dı́az F. Involuntary Capture and Voluntary Reorienting

of Attention Decline in Middle-Aged and Old Participants. Front Hum Neurosci. 2016; 10:129. doi: 10.

3389/fnhum.2016.00129. PMC4811968. PMID: 27065004

35. Rugg MD, Morcom AM. The Relationship Between Brain Activity, Cognitive Performance, and Aging.

In: Cabeza R, Nyberg L, Park D, editors. Cognitive Neuroscience of Aging: Linking Cognitive and Cere-

bral Aging: Oxford University Press; 2005. p. 132–54.

36. Kane MJ, Engle RW. The role of prefrontal cortex in working-memory capacity, executive attention,

and general fluid intelligence: an individual-differences perspective. Psychon Bull Rev. 2002; 9

(4):637–71. PMID: 12613671

37. Vogel EK, McCollough AW, Machizawa MG. Neural measures reveal individual differences in control-

ling access to working memory. Nature. 2005; 438(7067):500–3. doi: 10.1038/nature04171 PMID:

16306992.

Increased Early Task-Irrelevant Auditory Processing in Older Adults

PLOS ONE | DOI:10.1371/journal.pone.0165645 November 2, 2016 21 / 24

http://dx.doi.org/10.1037/0882-7974.13.4.574
http://www.ncbi.nlm.nih.gov/pubmed/9883458
http://dx.doi.org/10.1097/AUD.0b013e31815d638b
http://dx.doi.org/10.1097/AUD.0b013e31815d638b
http://www.ncbi.nlm.nih.gov/pubmed/18091104
http://dx.doi.org/10.1037/0882-7974.17.3.453
http://www.ncbi.nlm.nih.gov/pubmed/12243387
http://dx.doi.org/10.1126/sageke.2005.44.pe34
http://www.ncbi.nlm.nih.gov/pubmed/16267341
http://www.ncbi.nlm.nih.gov/pubmed/9023433
http://dx.doi.org/10.1038/nn1543
http://www.ncbi.nlm.nih.gov/pubmed/16158065
http://dx.doi.org/10.1016/j.brainres.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23313874
http://dx.doi.org/10.1016/j.tics.2004.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15668100
http://dx.doi.org/10.1126/science.1056496
http://www.ncbi.nlm.nih.gov/pubmed/11230699
http://dx.doi.org/10.1146/annurev.ne.18.030195.001205
http://www.ncbi.nlm.nih.gov/pubmed/7605061
http://dx.doi.org/10.1167/8.15.4
http://www.ncbi.nlm.nih.gov/pubmed/19146288
http://dx.doi.org/10.1162/jocn.2009.21257
http://www.ncbi.nlm.nih.gov/pubmed/19413473
http://www.ncbi.nlm.nih.gov/pubmed/3615753
http://www.ncbi.nlm.nih.gov/pubmed/7525232
http://dx.doi.org/10.1016/j.heares.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22101023
http://dx.doi.org/10.3389/fnhum.2016.00129
http://dx.doi.org/10.3389/fnhum.2016.00129
http://www.ncbi.nlm.nih.gov/pubmed/27065004
http://www.ncbi.nlm.nih.gov/pubmed/12613671
http://dx.doi.org/10.1038/nature04171
http://www.ncbi.nlm.nih.gov/pubmed/16306992


38. Kappenman ES, Luck SJ. ERP Components: The Ups and Downs of Brainwave Recordings. In: Luck

SJ, Kappenman ES, editors. The Oxford Handbook of Event-Related Potential Components. New

York: Oxford University Press; 2012. p. 3–30.

39. Daffner KR, Tarbi EC, Haring AE, Zhuravleva TY, Sun X, Rentz DM, et al. The influence of executive

capacity on selective attention and subsequent processing. Front Hum Neurosci. 2012; 6:167. doi: 10.

3389/fnhum.2012.00167 PMID: 22701415; PubMed Central PMCID: PMC3373205.

40. Alperin BR, Mott KK, Holcomb PJ, Daffner KR. Does the age-related "anterior shift" of the P3 reflect an

inability to habituate the novelty response? Neurosci Lett. 2014; 577:6–10. Epub 2014/06/07. doi: 10.

1016/j.neulet.2014.05.049. PubMed Central PMCID: PMC4128337. PMID: 24905171

41. Fabiani M, Friedman D. Changes in brain activity patterns in aging: the novelty oddball. Psychophysiol-

ogy. 1995; 32(6):579–94. PMID: 8524992.

42. Dien J, Spencer KM, Donchin E. Localization of the event-related potential novelty response as

defined by principal components analysis. Brain Res Cogn Brain Res. 2003; 17(3):637–50. PMID:

14561451.

43. Escera C, Alho K, Winkler I, Naatanen R. Neural mechanisms of involuntary attention to acoustic nov-

elty and change. J Cogn Neurosci. 1998; 10(5):590–604. PMID: 9802992.

44. Petersen SE, Posner MI. The attention system of the human brain: 20 years after. Annu Rev Neurosci.

2012; 35:73–89. doi: 10.1146/annurev-neuro-062111-150525. PubMed Central PMCID:

PMC3413263. PMID: 22524787

45. Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practical method for grading the cognitive

state of patients for the clinician. J Psychiatr Res. 1975; 12(3):189–98. PMID: 1202204.

46. Ryan J, Paolo A. A screening procedure for estimating premorbid intelligence in the elderly. Clin Neu-

ropsychol. 1992; 6(1):53–62.

47. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. 4th ed.

Washington, DC: American Psychological Association; 1994.

48. Friedman D, Kazmerski VA, Cycowicz YM. Effects of aging on the novelty P3 during attend and ignore

oddball tasks. Psychophysiology. 1998; 35(5):508–20. PMID: 9715095.

49. Daffner KR, Chong H, Sun X, Tarbi EC, Riis JL, McGinnis SM, et al. Mechanisms underlying age- and

performance-related differences in working memory. J Cogn Neurosci. 2011; 23(6):1298–314. doi: 10.

1162/jocn.2010.21540 PMID: 20617886; PubMed Central PMCID: PMC3076134.

50. Daselaar SM, Cabeza R. Age-Related Changes in Hemispheric Organization. In: Cabeza R, Nyberg L,

Park D, editors. Cognitive Neuroscience of Aging. New York: Oxford University Press; 2005. p. 325–

53.

51. Riis JL, Chong H, Ryan KK, Wolk DA, Rentz DM, Holcomb PJ, et al. Compensatory neural activity dis-

tinguishes different patterns of normal cognitive aging. Neuroimage. 2008; 39(1):441–54. doi: 10.

1016/j.neuroimage.2007.08.034. 17931892; PubMed Central PMCID: PMC2219544. PMID:

17931892

52. Rissman J, Gazzaley A, D’Esposito M. The effect of non-visual working memory load on top-down

modulation of visual processing. Neuropsychologia. 2009; 47(7):1637–46. doi: 10.1016/j.

neuropsychologia.2009.01.036 PMID: 19397858; PubMed Central PMCID: PMC2701233.

53. Chan RC, Shum D, Toulopoulou T, Chen EY. Assessment of executive functions: review of instru-

ments and identification of critical issues. Arch Clin Neuropsychol. 2008; 23(2):201–16. doi: 10.1016/j.

acn.2007.08.010 PMID: 18096360.

54. Delis D, Kaplan E, Kramer J. Delis Kaplan Executive Function System. San Antonio, TX: Psychologi-

cal Cooperation; 2001.

55. Spreen O, Strauss E. Executive Function, Attention. A Compendium of Neuropsychological Tests. 2

ed. New York, NY: Oxford University Press; 1998. p. 171–259.

56. Wechsler D. Wechsler Adult Intelligence Scale. 4th ed. San Antonio, TX: Pearson; 2008.

57. Ivnik RJ, Malec JF, Smith GE, Tangalos EG, Petersen RC. Neuropsychological tests’ norms above

age 55: COWAT, BNT, MAE Token, WRAT-R Reading, AMNART, Stroop, TMT, and JLO. The Clinical

Neuropsychologist. 1996; 10(3):262–78.

58. Reitan R, Wolfson D. The Halstead-Reitan neuropsychological test battery: Theory and clinical inter-

pretation. Tucson, AZ: Neuropsychology Press; 1985.

59. Psychology Software Tools I. E-Prime 2.0. 2012.

60. Lopez-Calderon J, Luck SJ. ERPLAB: an open-source toolbox for the analysis of event-related poten-

tials. Front Hum Neurosci. 2014; 8:213. doi: 10.3389/fnhum.2014.00213 PMID: 24782741; PubMed

Central PMCID: PMC3995046.

Increased Early Task-Irrelevant Auditory Processing in Older Adults

PLOS ONE | DOI:10.1371/journal.pone.0165645 November 2, 2016 22 / 24

http://dx.doi.org/10.3389/fnhum.2012.00167
http://dx.doi.org/10.3389/fnhum.2012.00167
http://www.ncbi.nlm.nih.gov/pubmed/22701415
http://dx.doi.org/10.1016/j.neulet.2014.05.049
http://dx.doi.org/10.1016/j.neulet.2014.05.049
http://www.ncbi.nlm.nih.gov/pubmed/24905171
http://www.ncbi.nlm.nih.gov/pubmed/8524992
http://www.ncbi.nlm.nih.gov/pubmed/14561451
http://www.ncbi.nlm.nih.gov/pubmed/9802992
http://dx.doi.org/10.1146/annurev-neuro-062111-150525
http://www.ncbi.nlm.nih.gov/pubmed/22524787
http://www.ncbi.nlm.nih.gov/pubmed/1202204
http://www.ncbi.nlm.nih.gov/pubmed/9715095
http://dx.doi.org/10.1162/jocn.2010.21540
http://dx.doi.org/10.1162/jocn.2010.21540
http://www.ncbi.nlm.nih.gov/pubmed/20617886
http://dx.doi.org/10.1016/j.neuroimage.2007.08.034
http://dx.doi.org/10.1016/j.neuroimage.2007.08.034
http://www.ncbi.nlm.nih.gov/pubmed/17931892
http://dx.doi.org/10.1016/j.neuropsychologia.2009.01.036
http://dx.doi.org/10.1016/j.neuropsychologia.2009.01.036
http://www.ncbi.nlm.nih.gov/pubmed/19397858
http://dx.doi.org/10.1016/j.acn.2007.08.010
http://dx.doi.org/10.1016/j.acn.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18096360
http://dx.doi.org/10.3389/fnhum.2014.00213
http://www.ncbi.nlm.nih.gov/pubmed/24782741


61. Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics

including independent component analysis. J Neurosci Methods. 2004; 134(1):9–21. doi: 10.1016/j.

jneumeth.2003.10.009 PMID: 15102499.

62. Woods DL, Clayworth CC. Age-related changes in human middle latency auditory evoked potentials.

ElectroencephalogrClinNeurophysiol. 1986; 65(4):297–303.

63. Bidelman GM, Villafuerte JW, Moreno S, Alain C. Age-related changes in the subcortical-cortical

encoding and categorical perception of speech. Neurobiol Aging. 2014; 35(11):2526–40. Epub 2014/

06/09. doi: 10.1016/j.neurobiolaging.2014.05.006 PMID: 24908166.

64. Ross B, Snyder JS, Aalto M, McDonald KL, Dyson BJ, Schneider B, et al. Neural encoding of sound

duration persists in older adults. Neuroimage. 2009; 47(2):678–87. Epub 2009/04/28. doi: 10.1016/j.

neuroimage.2009.04.051 PMID: 19393323.

65. Ross B, Schneider B, Snyder JS, Alain C. Biological markers of auditory gap detection in young, mid-

dle-aged, and older adults. PLoS One. 2010; 5(4):e10101. Epub 2010/04/21. doi: 10.1371/journal.

pone.0010101 PMID: 20404929; PubMed Central PMCID: PMCPmc2852420.

66. Getzmann S, Gajewski PD, Falkenstein M. Does age increase auditory distraction? Electrophysiologi-

cal correlates of high and low performance in seniors. Neurobiol Aging. 2013; 34(8):1952–62. Epub

2013/03/26. doi: 10.1016/j.neurobiolaging.2013.02.014 PMID: 23522843.

67. Berti S, Grunwald M, Schroger E. Age dependent changes of distractibility and reorienting of attention

revisited: an event-related potential study. Brain Res. 2013; 1491:156–66. Epub 2012/11/20. doi: 10.

1016/j.brainres.2012.11.009 PMID: 23159833.

68. Grill-Spector K, Malach R. fMR-adaptation: a tool for studying the functional properties of human corti-

cal neurons. Acta Psychol (Amst). 2001; 107(1–3):293–321. Epub 2001/06/05. PMID: 11388140.

69. Budd TW, Barry RJ, Gordon E, Rennie C, Michie PT. Decrement of the N1 auditory event-related

potential with stimulus repetition: habituation vs. refractoriness. Int J Psychophysiol. 1998; 31(1):51–

68. doi: 10.1016/S0167-8760(98)00040-3 PMID: 9934621

70. Grady CL, Charlton R, He Y, Alain C. Age differences in FMRI adaptation for sound identity and loca-

tion. Front Hum Neurosci. 2011; 5:24. Epub 2011/03/29. doi: 10.3389/fnhum.2011.00024 PMID:

21441992; PubMed Central PMCID: PMCPmc3061355.

71. Leung AW, He Y, Grady CL, Alain C. Age differences in the neuroelectric adaptation to meaningful

sounds. PLoS One. 2013; 8(7):e68892. Epub 2013/08/13. doi: 10.1371/journal.pone.0068892 PMID:

23935900; PubMed Central PMCID: PMCPmc3723892.

72. Fabiani M, Low KA, Wee E, Sable JJ, Gratton G. Reduced suppression or labile memory? Mecha-

nisms of inefficient filtering of irrelevant information in older adults. J Cogn Neurosci. 2006; 18(4):637–

50. doi: 10.1162/jocn.2006.18.4.637 PMID: 16768366

73. Grady CL, Yu H, Alain C. Age-related differences in brain activity underlying working memory for spa-

tial and nonspatial auditory information. Cereb Cortex. 2008; 18(1):189–99. Epub 2007/05/12. doi: 10.

1093/cercor/bhm045 PMID: 17494060.

74. Andres P, Parmentier FB, Escera C. The effect of age on involuntary capture of attention by irrelevant

sounds: a test of the frontal hypothesis of aging. Neuropsychologia. 2006; 44(12):2564–8. doi: 10.

1016/j.neuropsychologia.2006.05.005 PMID: 16797613

75. Aron AR, Robbins TW, Poldrack RA. Inhibition and the right inferior frontal cortex: one decade on.

Trends Cogn Sci. 2014; 18(4):177–85. doi: 10.1016/j.tics.2013.12.003 PMID: 24440116.

76. Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD. The unity and diversity of

executive functions and their contributions to complex "Frontal Lobe" tasks: a latent variable analysis.

Cogn Psychol. 2000; 41(1):49–100. doi: 10.1006/cogp.1999.0734 PMID: 10945922

77. Konstantinou N, Beal E, King J-R, Lavie N. Working memory load and distraction: dissociable effects

of visual maintenance and cognitive control. Attention, Perception, & Psychophysics. 2014; 76

(7):1985–97. doi: 10.3758/s13414-014-0742-z PMID: 25085738

78. Murphy G, Groeger JA, Greene CM. Twenty years of load theory—Where are we now, and where

should we go next? Psychonomic Bulletin & Review. 2016:1–25. doi: 10.3758/s13423-015-0982-5

PMID: 26728138

79. Benoni H, Tsal Y. Conceptual and methodological concerns in the theory of perceptual load. Front Psy-

chol. 2013; 4:522. Epub 2013/08/22. doi: 10.3389/fpsyg.2013.00522 PMID: 23964262; PubMed Cen-

tral PMCID: PMCPmc3741554.

80. Sandhu R, Dyson BJ. Cross-modal perceptual load: the impact of modality and individual differences.

Exp Brain Res. 2015. Epub 2015/12/17. doi: 10.1007/s00221-015-4517-0 PMID: 26670905.

81. Yucel G, Petty C, McCarthy G, Belger A. Visual task complexity modulates the brain’s response to

unattended auditory novelty. Neuroreport. 2005; 16(10):1031–6. PMID: 15973143.

Increased Early Task-Irrelevant Auditory Processing in Older Adults

PLOS ONE | DOI:10.1371/journal.pone.0165645 November 2, 2016 23 / 24

http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15102499
http://dx.doi.org/10.1016/j.neurobiolaging.2014.05.006
http://www.ncbi.nlm.nih.gov/pubmed/24908166
http://dx.doi.org/10.1016/j.neuroimage.2009.04.051
http://dx.doi.org/10.1016/j.neuroimage.2009.04.051
http://www.ncbi.nlm.nih.gov/pubmed/19393323
http://dx.doi.org/10.1371/journal.pone.0010101
http://dx.doi.org/10.1371/journal.pone.0010101
http://www.ncbi.nlm.nih.gov/pubmed/20404929
http://dx.doi.org/10.1016/j.neurobiolaging.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23522843
http://dx.doi.org/10.1016/j.brainres.2012.11.009
http://dx.doi.org/10.1016/j.brainres.2012.11.009
http://www.ncbi.nlm.nih.gov/pubmed/23159833
http://www.ncbi.nlm.nih.gov/pubmed/11388140
http://dx.doi.org/10.1016/S0167-8760(98)00040-3
http://www.ncbi.nlm.nih.gov/pubmed/9934621
http://dx.doi.org/10.3389/fnhum.2011.00024
http://www.ncbi.nlm.nih.gov/pubmed/21441992
http://dx.doi.org/10.1371/journal.pone.0068892
http://www.ncbi.nlm.nih.gov/pubmed/23935900
http://dx.doi.org/10.1162/jocn.2006.18.4.637
http://www.ncbi.nlm.nih.gov/pubmed/16768366
http://dx.doi.org/10.1093/cercor/bhm045
http://dx.doi.org/10.1093/cercor/bhm045
http://www.ncbi.nlm.nih.gov/pubmed/17494060
http://dx.doi.org/10.1016/j.neuropsychologia.2006.05.005
http://dx.doi.org/10.1016/j.neuropsychologia.2006.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16797613
http://dx.doi.org/10.1016/j.tics.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24440116
http://dx.doi.org/10.1006/cogp.1999.0734
http://www.ncbi.nlm.nih.gov/pubmed/10945922
http://dx.doi.org/10.3758/s13414-014-0742-z
http://www.ncbi.nlm.nih.gov/pubmed/25085738
http://dx.doi.org/10.3758/s13423-015-0982-5
http://www.ncbi.nlm.nih.gov/pubmed/26728138
http://dx.doi.org/10.3389/fpsyg.2013.00522
http://www.ncbi.nlm.nih.gov/pubmed/23964262
http://dx.doi.org/10.1007/s00221-015-4517-0
http://www.ncbi.nlm.nih.gov/pubmed/26670905
http://www.ncbi.nlm.nih.gov/pubmed/15973143


82. Berti S, Schroger E. Working memory controls involuntary attention switching: evidence from an audi-

tory distraction paradigm. EurJ Neurosci. 2003; 17(5):1119–22.

83. Sörqvist P, Marsh JE. How Concentration Shields Against Distraction. Curr Dir Psychol Sci. 2015; 24

(4):267–72. doi: 10.1177/0963721415577356 PMID: 26300594
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